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ABSTRACT 

/ 3-3-33 
The concept of t h e  reduct ion of t h e  r a d i a t i o n  o r  photon 

t r a n s f e r  of h e a t  through t h e  pores of a l o w  d e n s i t y  ceramic 

s t r u c t u r e  a t  high temperature by t h e  inco rpora t ion  of va r ious  r a d i a t i o n  

barrier phases i n t o  these  voids is  being inves t iga t ed .  The r a d i a l  

h e a t  f X o w  thermal  conduc t iv i ty  metering appara tus  has been modified 

from a g r a p h i t e  h e l i x  t o  a graphi te  ha i r -p in  h e a t e r  design,  simplying 

specimen changing and tempera ture  measurement. Thermal conduc t iv i ty  

d a t a  up t o  specimen ho t  face temperatures of 4235OF are repor t ed  f o r  

z i r c o n i a  foam samples. 

Descr ip t ions  and photomicrographs of ceramic foams conta in ing  

m e t a l l i c  thermal r a d i a t i o n  r e f l e c t i n g  phases are presented.  Pre- 

l iminary  d a t a  on g r a p h i t e  r a d i a t i o n  s c a t t e r i n g  phases are included. I 

A r e p r i n t  of a t e c h n i c a l  paper desc r ib ing  t h e  thermal I 

Approved by 
P. S. Hessinger 
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(1) INTRODUCTION 

1.1 Purpose of t h e  Proqram 

Low d e n s i t y  foamed ceramic thermal i n s u l a t i o n  r a p i d l y  looses  

e f f i c i e n c y  above 2400°F due t o  the  t r a n s f e r  of heat through the  

pores  by thermal  r a d i a t i o n .  

s tudy t h e  reduct ion  of t h i s  r a d i a t i o n  or photon con t r ibu t ion  t o  t h e  

t h e r m a l  conduct iv i ty  by t h e  incorporat ion of a thermal  r a d i a t i o n  

barrier phase i n t o  a l o w  dens i ty  r e f r a c t o r y  s t r u c t u r e .  Mechanisms 

such as absorp t ion  and re - rad ia t ion  by embedded p a r t i c l e s ,  s c a t t e r i n g  

by incorpora ted  phases and r e f l e c t i o n  by m e t a l l i c  f o i l  r a d i a t i o n  

barriers are be ing  i n v e s t i g a t e d  and eva lua ted .  

1.2 Phases of t h e  Porqram 

The purpose of t h i s  program i s  t o  

The goa l s  of t h i s  program a r e  being achieved through the  p u r s u i t  

of t h e  t h r e e  phases  described b r i e f l y  below wi th  detai ls  of t h e  progress 

made dur ing  t h e  s i x t h  q u a r t e r  discussed i n  Sec t ion  2. 

Phase I - Technical  Review 

Review of previous  h igh  temperature hea t  t r a n s f e r  work, 

e s s e n t i a l l y  completed during the f irst  q u a r t e r ,  has been cont inued 

a t  a s u f f i c i e n t  l e v e l  of e f f o r t  t o  keep a b r e a s t  of t h e  r a p i d l y  

changing technology. 

Phase I1 - Mate r i a l s  Formulation 

The major e f f o r t  of t h e  program is  concerned wi th  t h e  f a b r i c a t i o n  

of law d e n s i t y ,  low apparent thermal conduc t iv i ty  materials. L igh t  

weight  pure  oxide ceramic matrices have been developed and impregnated 

w i t h  v a r i o u s  volume percentages of p o t e n t i a l  radiation s h i e l d i n g  
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phases  introduced by a v a r i e t y  of techniques,  Specimens of ceramic 

oxides whose thermal  conduct iv i ty  has been previous ly  r epor t ed  

have a l s o  been prepared f o r  c a l i b r a t i o n  and equipment checkout 

purposes .  

Phase I11 - Experimental  Measurements 

Evaluat ion of t h e  thermal  r a d i a t i o n  b a r r i e r  concept is  being 

conducted i n  t h i s  phase of t h e  program. A high temperature  thermal  

conduct iv i ty  t es t  ce l l  capable of maintaining, under s teady  state 

cond i t ions ,  specimen hot-f ace temperatures of 4500% nas been 

f a b r i c a t e d  and c a l i b r a t e d ,  Measurement of t h e  apparent  ( t o t a l )  

thermal  conduc t iv i ty  of t h e  ceramic foam composite tes t  samples 

i s  i n  progress. 

(2) DISCUSSION 

2.1 Phase I - Technical  Review 

An e x c e l l e n t  a n a l y s i s  of r a d i a t i o n  h e a t  t r a n s f e r  i n  i n s u l a t i o n  

m a t e r i a l s  is  presented  i n  a recent  r e p o r t  by Wechsler and Glaser  (1) 

they conclude, through a review of previous work and t h e o r e t i c a l  

cons ide ra t ions ,  t h a t  increas ing  the absorp t ion  and s c a t t e r i n g  cross- 

s e c t i o n s  of an i n s u l a t i o n  material w i l l  decrease t h e  r a d i a t i o n  

c o n t r i b u t i o n  t o  thermal  conduct ivi ty .  Although many assumptions 

and s i m p l i f i c a t i o n s  w e r e  made i n  t h e i r  a n a l y s i s  of r a d i a t i o n  and 

conduction i n  i n s u l a t i n g  media, they  f u r t h e r  predict t h a t  decreas ing  

p a r t i c l e  s i z e  and emmisivity and inc reas ing  t h e  r e f l e c t i v i t y  of 

particle su r faces  should reduce r a d i a n t  energy t ransmiss ion  a t  high 
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temperatures.  I n  experimental  po r t ions  of t h e i r  work, concerned 

p r imar i ly  w i t h  evacuated thermal i n s u l a t i o n  systems, they  compile 

and p r e s e n t  thermal  d a t a  on c u r r e n t l y  commercially a v a i l a b l e  

i n s u l a t i n g  ma te r i a l s .  Among t h e i r  concluding recommendations they 

suggest  "Thin s h e e t s  or small p l a t e s  of r e f r a c t o r y  m a t e r i a l s  coated 

wi th  r e f l e c t i v e  materials and properly o r i e n t e d  should be examined". 

A t e c h n i c a l  paper descr ib ing  t h e  thermal  conduc t iv i ty  test 

apparatus  developed f o r  t h e  present  program was prepared f o r  

p r e s e n t a t i o n  a t  t h e  Third Annual Thermal Conduct ivi ty  Conference, 

sponsored by t h e  Oak Ridge Nat ional  Laboratory, a t  Gatlifiburc;, 

Tennessee, October 16 - 18, 1963, This paper i s  reproduced as 

Appendix I of t h i s  report. 

2.2 Ma te r i a l s  Formulation 

2.2.1 Aromatic Hydrocarbons 

Ef for t s  t o  produce large thermal  conduc t iv i ty  tes t  specimens 

of z i r c o n i a  foam C o d e  Z r 2 8  conta in ing  carbonaceous d e p o s i t s  w i t h i n  

t h e  foam pores from t h e  thermal decomposition of aromatic  hydrocarbons 

have been unsuccessful .  Although pre l iminary  r e s u l t s  on s m a l l  samples 

w e r e  promising, it was ev ident  t h a t  i n  more massive specimens a l a r g e  

percentage of t h e  hydrocarbons v o l i t a l i z e d  p r i o r  t o  thermal  decom- 

p o s i t i o n  i n  t h e  reducing atmosphere. This  hydrocarbon evapora t ion ,  

w a s  troublesome i n  t ha t  carbon d e p o s i t s  caused e l e c t r i c a l  leakage 

and premature f a i l u r e  of t h e  r e s i s t a n c e  heated furnaces .  Although 
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t h i s  s i t u a t i o n  could be overcome by a l t e r n a t e  furnace design,  

a d d i t i o n a l  e f f o r t s  on t h i s  method of r a d i a t i o n  b a r r i e r  phase 

incorpora t ion  w i l l  be delayed u n t i l  o t h e r ,  less troublesome 

methods a r e  eva lua ted .  

2.2 - 2  Carbon Systems 

Addi t iona l  measurement specimens of foam Z r 2 8  conta in ing  g raph i t e  

phases added byhthe two methods measured earlier ( 2 )  t o  3000°F 

have been prepared. Conduct ivi ty  d a t a  on a se t  of specimens prepared 

by one of t hese  methods, i.e., aqueous irripregnation of c o l l o i d a l  

g r a p h i t e  i n t o  t h e  f i r e d  sample, a r e  presented  i n  Sec t ion  2 . 3 . 3 .  

Samples prepared by t h e  a l t e r n a t e  approach of adding g r a p h i t e  

p a r t i c l e s  a s  a r a w  m a t e r i a l  and s i n t e r i n g  t h e  ceramic foam i n  an  

atmosphere furnace ,  awai t  measurement a t  t h e  higher  temperature  now 

a v a i l a b l e .  

2.2.3 M e t a l l i c  Tunqsten 

Two methods of prepar ing  f i red  ceramic foam conduc t iv i ty  spec i -  

mens conta in ing  tungs ten  hea t  r e f l e c t i n g  phases have been s u c c e s s f u l l y  

developed. Figure 1 is a photomicrograph a t  SOX of a f i r e d  z i r c o n i a  

foam of the  Z r 2 8  type b u t  containing f i v e  volume percent  of hollow 

z i r c o n i a  microspheres,  each coated wi th  a one t o  two micron t h i c k  l a y e r  

of tungs ten  m e t a l .  High temperature thermal  conduct iv i ty  measurements 

of t h e s e  samples has not  been completed. Addi t iona l  samples conta in ing  

10 volume pe rcen t  are being prepared. 

Figure 2 i s  a photomjcrograph a t  5 0 X  of t h e  same z i r c o n i a  

foam Z r 2 8  b u t  conta in ing  f i v e  weight pe rcen t  of f i n e  tungs ten  



Figure 1 

PHOTOMICROGRAPH (50X) OF ZIRCONIA FOAM 
TYPE Z r 2 8  CONTAINING TUNGSTEN COATED HOLLOW 

ZIRCONIA SPHERES. 
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Figure 2 

PHOTOMICROGRAPH (50X) OF ZIRCONIA FOAM 

TUNGSTEN PARTICLES.  
TYPE Z r 2 8  CONTAINING 5 WEIGHT PERCENT 
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f l akes .  

a d d i t i o n  have been prepared,  f i r e d ,  and machined and await  thermal  

conduc t iv i ty  measurement, 

Samples conta in ing  both f i v e  and t e n  weight percent  of t h i s  

2.2.4 

A t t e m p t s  t o  incorpora te  m e t a l l i c  r a d i a t i o n  r e f l e c t i n g  phases 

i n t o  a Z r 2 8  matr ix  by a method s imi l a r  t o  s o l u t i o n  m e t a l l i z i n g  of 

pure ox.ide ceramics f o r  e l e c t r o n i c  a p p l i c a t i o n s  have been unsuccessful.  

One such specimen, s a t u r a t e d  with a l i t h ium molybdate me ta l l i z ing  

s o l u t i o n  then  subsequent ly  dr ied ,  was assembled i n  t h e  thermal  

conduc t iv i ty  tes t  c e l l  f o r  Run #21. 

a t u r e s  (3000OF) i n  an atmosphere of d i s s o c i a t e d  ammonia; t h e  

sample f a i l e d  c a t a s t r o p i c a l l y  damaging t h e  ha i r -p in  hea te r  and 

o the r  i n t e r n a l  components of the appara tus ,  X-Ray d a t a  of t h e  f a i l e d  

A t  only moderate hot-face temper- 

sample ind ica t ed  t h e  normal phases p re sen t ,  cubic  z i r c o n i a ,  molybdenum 

m e t a l ,  unreacted l i t h ium molybdate and s e v e r a l  u n i d e n t i f i e d  d i f f r a c t i o n  l 

peaks not corresponding t o  zirconium carb ide  o r  o the r  p o s s i b l e  ( i f  

improbable) compounds , Addit ional  a t tempts  us ing  a l t e r n a t e  s o l u t i o n s  

such as ammonium molybdate will be at tempted,  however, t h e  precaut ion  

of pre- reac t ion  i n  a less complex atmosphere furnace w i l l  be employed. 

2.3 Phase I11 - Experimental  Measurement 

I 

~ 2.3.1 Thermal Transfer  Cel l  Modif icat ions 

Conversion of t h e  thermal t r a n s f e r  c e l l  t o  t h e  g r a p h i t e  
I 

(2) 
hai r -p in  hea te r  design proposed i n  the  F i f t h  Q u a r t e r l y  S t a t u s  Report 

has been completed as descr ibed i n  Appendix I of t h i s  r e p o r t .  
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Runs #18-22 descr ibed  i n  Sec t ion  2.3.3 w e r e  made us ing  t h i s  

des ign ,  

r e a d i l y  a v a i l a b l e  . Uniform temperatures apprec iab ly  higher  than 

t h i s  appear impractical w i t h  the ha i r -p in  des ign  i n  t h e  argon 

atmosphere because of high c u r r e n t  leakage through ionized  

argon gas between t h e  s l o t  of t h e  g r a p h i t e  h e a t e r ,  causing 

high local temperatures  (above t h e  mel t ing  p o i n t  of z i r c o n i a ) .  This  

temperature  range could be extended t h e o r e t i c a l l y  t o  a t  least  

6500°F b u t  t h e  increased  complexity and cost i s  not  j u s t i f i e d  i n  

t h i s  e v a l u a t i o n  program. 

Specimen hot-face temperatures of 4300°F a r e  now 

Other minor modi f ica t ions  inc lude  t h e  power t e rmina l  arrangement 

on  top and t h e  vacuum be l l  system on t h e  bottom of t h e  device.  

Power t e rmina l s  w e r e  changed from s t a i n l e s s  steel  t o  brass 

and then  back t o  a modi f ica t ion  of t h e  o r i g i n a l  water-cooled n i c k e l .  

Space l i m i t a t i o n s  and t h e  necess i ty  f o r  a vacuum t i g h t  s ea l  (about  

mm of mercury) r equ i r ed  s e v e r a l  mechanical modi f ica t ions  of t h e  

top t e rmina l  arrangements before  a pract ical ,  l e a k  t i g h t  and cool 

running arrangement was developed. 

Oxidation of t h e  g r a p h i t e  phase i n  t h e  sample of Run #20, 

presumerably due t o  a i r  entrapped w i t h i n  t h e  z i r c o n i a  foam, n e c e s s i t a t e d  

t h e  use  of t h e  bottom vacuum b e l l  so  t h a t  t h e  chamber could be 

evacuated t o  1 micron p res su re ,  t hen  b a c k f i l l e d  w i t h  argon p r i o r  

t o  measurement. This  technique, employed i n  Run &22 i n  which 

tungs t en  f l a k e  samples w e r e  t o  be measured, r e s u l t e d  i n  back streaming 
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of o i l  vapors which obscured s i g h t  windows. For t h i s  reason vacuum 

valve  systems w e r e  added t o  the  lower vacuum bel l .  

2.3.2 Data Revis ion 

I n  the  p repa ra t ion  of t h e  t e c h n i c a l  r e p o r t  of Appendix I 

thermal  conduct iv i ty  d a t a  w e r e  re -ca lcu la ted  i n t o  w a t t s  per cent imeter  

degrees  C u n i t s  (W/cm°C) requi red  by the  thermal  conduct iv i ty  

conference pub l i ca t ions  in s t ruc t ions .  I n  t h e  course of t h i s  

r e c a l c u l a t i o n  a sys temat ic  e r r o r  i n  prev ious ly  c a l c u l a t e d  and I 

repor ted  thermal  conduct iv i ty  da ta  w a s  uncovered. For t h i s  reason 

a co r rec t ed  sample c a l c u l a t i o n  i s  presented  i n  Appendix 11. 

I 

I 

2.3.3 Conduct ivi ty  Measurements 

F igure  3 is a r ev i sed  thermal conduct iv i ty  vs .  temperature  

p l o t  of s e v e r a l  s e l e c t e d  previous ly  repor ted  thermal  conduc t iv i ty  

measurements. It may be noted t h a t  a l l  curves  a r e  uniformly 

displaced downward, towards values  of lower t o t a l  apparent  thermal  

conduct iv i ty .  

Measurements of z i r c o n i a  specimens h igh  f i r e d  t o  85% of t h e o r e t i c a l  1 

d e n s i t y ,  bo th  i n  e a r l y  runs  using t h e  molybdenum wound h e a t e r  d e s i g n a d  

i n  later measurements i n  which a g r a p h i t e  h e l i x  h e a t e r  w a s  used, now I 

approach more c l o s e l y  t h e  values  reported by Pears f o r  s i m i l a r  ( 3 )  

specimens, The reason f o r  t h e  s l i g h t l y  h igher  va lues  a t  h igher  
I 

I 

temperatures  has not  been e s t ab l i shed .  Seve ra l  p o s s i b i l i t i e s  are: 

1) d i f f e r e n c e s  i n  d e n s i t i e s ,  p u r i t y  or mic ros t ruc tu re  of t h e  specimens, 

2) thermal  end losses from the  p r e s e n t  appara tus .  A w a t e r  cooled ,  hea t  

me te r ing  end plate,  thermal ly  i n s u l a t e d  by O-ring seals has been 
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prepared so  t h a t  end l o s s e s  may be est imated.  

Figure 4 con ta ins  the rma l  conduct iv i ty  d a t a  obtained during t h i s  

q u a r t e r .  Data f o r  t w o  v a r i a t i o n s  of z i r con ia  foam type Z r 2 8  a r e  shown. 

Run 18 d a t a  are from a specimen of d e n s i t y  0.72 g/cc a f t e r  f i r i n g  t o  

300O0F. 

l i t t l e  thermal  degradat ion or  shrinkage was noted i n  t h e  specimen 

su r faces  exposed t o  temperatures i n  excess  of 4100 F. Run 19 da ta  are 

from i d e n t i c a l  m a t e r i a l  b u t  prepared w i t h  a higher  s o l i d s  conten t  

producing a foam of dens i ty  1.3 g/cc a f t e r  s i m i l a r  f i r i n g .  T h i s  

comparison is  necessary i n  t h a t  most foams "loaded" w i t h  r a d i a t i o n  

Although conduct iv i ty  inc reases  r a p i d l y  above t h i s  temperature,  

0 

b a r r i e r  phases have increased  d e n s i t i e s  approaching 1.3 g/cc. 

Comparative d a t a  of matr ix  and composite would not  be v a l i d  unless  

t o t a l  d e n s i t i e s  w e r e  equal.  It may be noted t h a t  t h i s  small  change 

i n  d e n s i t y  has l i t t l e  e f f e c t  on t o t a l  thermal  conduct iv i ty  of t h e  Z r 2 8  

type ceramic foam. Again l i t t l e  thermal  degradat ion was observable  

even i n  a r e a s  ad jacent  t o  t h e  hea te r  which  was a t  4235OF f o r  s e v e r a l  

hours.  

It  may be noted t h a t  inner gage s e c t i o n  measurements, i .e.,  

measurements cons ider ing  t h e  1/8" t h i c k  s e c t i o n  immediately ad jacent  

t o  t h e  g r a p h i t e  h e a t e r ,  a r e  c o n s i s t e n t l y  lower i n  va lues  than 

those  from t h e  3/8" t h i c k  sec t ion  w e l l  w i t h i n  t h e  specimen. The 

probable  reason f o r  t h i s  i s  t h a t  t h e  measured heater temperature  i s  

not  t h e  same a s  the  specimen "hot face"  temperature,  b u t  somewhat 

h igher ,  y i e ld ing  a high&,T and t h e r e f o r e  a low va lue  of K.  Values 

rey;orted i n  F igures  3 and 4 of t h i s  r e p o r t  a r e  "as  measured'' 
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c a l c u l a t e d  i n  accordance wi th  Appendix 11. N o  a t tempt  has been made 

t o  "s tandard ize"  t h e s e  values  w i t h  accepted thermal  conduct iv i ty  

s tandards  (because none e x i s t )  o r  t o  c o r r e c t  t h e  va lues  f o r  t h e  

s e v e r a l  systematic  sources  of e r r o r  mentioned. When s u f f i c i e n t  d a t a  

have been obtained on a v a r i e t y  of specimens e s t ima tes  may be made of 

1) ho t  face  temperatures,  2 )  end losses, 3) s i g h t  hole  l o s s e s ,  

4)  gas convect ion l o s s e s  and 5) o the r  miscel laneous sources  of e r r o r  

and s u i t a b l e  c o r r e c t i o n s  appl ied.  

Run 20 d a t a  shown i n  Figure 4 a r e  from a specimen of Z r 2 8  foam, 

d e n s i t y  0.72 g/cc, vacuum impregnated, a f t e r  f i r i n g  and machining, 

i n  a c o l l o i d a l  suspension of graphi te .  This  g r a p h i t e  impregnated foam, 

d r i e d  t o  1.3 g/cc approximate dens i ty ,  e x h i b i t e d  increased  thermal  

conduc t iv i ty  a t  i n i t i a l  l o w  ( l e s s  than 3000OF) temperatures  due t o  t h e  

high conduc t iv i ty  of the  graphi te .  A t t e m p t s  t o  observe i t s  e f f e c t  on 

r a d i a t i v e  t ransmission a t  higher t ehpe ra tu res  w e r e  unsuccessfu l  

i n  t h i s  experiment because t h e  g raph i t e  was, i n  p a r t ,  oxidized out  

dur ing  t h e  run. A i r  e i t h e r  entrapped w i t h i n  t h e  foam or a i r  e n t e r i n g  

through a f a u l t y  t e rmina l  seal could be re spons ib l e  f o r  t h i s  ox ida t ion .  

Accordingly,  i nne r  gage sec t ion  measurements, t h e  area of maximum 

oxida t ion ,  approach t h e  conduct iv i ty  va lues  of unimpregnated Z r 2 8 .  

This experiment w i l l  be repeated when both  p o s s i b l e  sources  of ox ida t ion  

a r e  co r rec t ed .  
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3 . 0 CONCLUSIONS 

Conduct ivi ty  runs 18 - 22 have shown t h e  following: 

1. The g r a p h i t e  ha i r -p in  hea te r  des ign  i s  u s e f u l  t o  hot  face  

0 temperatures  of over 4200 F. 

2. Data from t h i s  des ign  modi f ica t ion  are d i r e c t l y  comparable 

t o  d a t a  from a g raph i t e  h e l i x  o r  molybdenum wound hea te r .  

PrQvis ion  must be made f o r  t h e  removal of entrapped a i r  3 .  

i n  ceramic foam i n s u l a t i o n  conta in ing  oxid izable  r a d i a t i o n  

b a r r i e r  phases.  

Large thermal measurement specimens may be f a b r i c a t e d ,  f i r e d  

and machined of z i r c o n i a  foams conta in ing  m e t a l l i c  tungsten f l a k e  

and tungs ten  coated hollow z i r con ia  spheres a s  thermal  r a d i a t i o n  

b a r r i e r s .  
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4.0 PROGRAM FOR NEXT QUARTER 

Reassembly and t e s t i n g  of t h e  conduc t iv i ty  appara tus  a f t e r  t h e  

s e v e r a l  mishaps and modif icat ions descr ibed ,  w i l l  be completed. 

Specimens of foam type  Z r 2 8  b u t  con ta in ing  tungs ten  f l a k e ,  

tungs ten  coa ted  hollow z i r c o n i a  sphe res  and s e v e r a l  types  of 

g r a p h i t e  f a b r i c a t e d  dur ing  t h e  l a s t  q u a r t e r  w i l l  be measured i n  

t h e  device.  

Add i t iona l  e f f o r t s  w i l l  be d i r e c t e d  a t  t h e  s o l u t i o n  m e t a l l i z i n g  

approach of the rma l  r a d i a t i e n  b a r r i e r  incorporaticm. Further 

development of c losed  pore thermal i n s u l a t i o n  w i l l  cont inue.  

c 
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APPENDIX I 

THERMAL CONDUCTIVITY MEASUREMENTS BETWEEN 1000 AND 250OoC 

K. H. Styhr* 
N a t i o n a l  B e r y l l i a  Corporation, Haskel l ,  New J e r s e y  

INTRODUCTION 

This  f i r s t  p rog res s  r e p o r t  w i l l  d e s c r i b e  an appara tus  f o r  
t h e  measurement of thermal  conduct iv i ty  which w a s  on ly  i n  t h e  des ign  
s t a g e s  a t  t h e  t i m e  of l a s t  years conference.  The device was necessary 
a s  an a n a l y t i c a l  t o o l  i n  t h e  eva lua t ion  phase of a program p r i m a r i l y  
concerned wi th  t h e  development of thermal  i n s u l a t i o n  m a t e r i a l s  f o r  
use a t  "hot  f ace"  temperatures  above 165OoC. I ts  main purpose 
is  t o  determine t h e  e f f ec t  of added thermal  r a d i a t i o n  barrier 
phases incorpora ted  w i t h i n  t h e  pores  of a l o w  d e n s i t y  foamed 
ceraKic s t r lzc ture .  S ince  comparative e v a l u a t i o n s  of t h e  e f f e c t  of 
va r ious  added phases on t h e  r a d i a t i o n  or photon c o n t r i b u t i o n  t o  
t o t a l  thermal  conduc t iv i ty  a t  high temperatures  w e r e  r equ i r ed ,  
r e p r o d u c i b i l i t y  r a t h e r  t han  absolu te  accuracy w a s  important  a l lowing 
s i m p l i f i c a t i o n  of des ign  requirements.  

The measurement technique s e l e c t e d  was a d i r e c t ,  s t eady  
s t a t e ,  r a d i a l  h e a t  f low method employing a r e l a t i v e l y  l a r g e  sample. 
Large sample s i z e  was d e s i r a b l e  because t h e  type  of m a t e r i a l s  t o  
be measured w i l l  o f t e n  con ta in  l a r g e  pores and h igh  pore volumes. 
A hollow, r i g h t  c i r c u l a r  c y l i n d r i c a l  specimen geometry was t h e r e f o r e  
chosen. For s i m p l i c i t y ,  ease of ope ra t ion  and economy an  i n t e r n a l  
hea t ing  method w a s  employed. 

EXPERIMENTAL APPARATUS 

The specimen s i z e  chosen was a r i g h t  c i r c u l a r  c y l i n d e r  
9" high  and 2 "  i n  o u t s i d e  diameter. This  he igh t  i s  normally achieved 
by s t a c k i n g  two or more s h o r t e r  c y l i n d e r s .  Radia l  temperature  
g r a d i e n t  measurements a r e  made i n  t h e  c e n t r a l  t h r e e  inch  p o r t i o n  of 
t h e  specimen, t h e  o u t e r  regions s e r v i n g  a s  guard r i n g s .  Radia l  
h e a t  f low i s  e s t a b l i s h e d  by i n s e r t i n g  a long narrow h e a t e r  i n t o  a 
3/4" I.D. concen t r i c  ho le  throughout t h e  l eng th  of t h e  9'' specimen. 
I n t e r n a l  h e a t i n g  w a s  chosen because: 

*Department Head f o r  C e r a m i c  Research 



1. The power input  is a measure of t h e  h e a t  flow 
Q pass ing  through t h e  specimen. 

2 .  Complicated and t r i c k y  h e a t  s i n k s  may be avoided 
s a c r i f i c y i n g  t h e  accuracy of t h i s  d i r e c t  method 
b u t  no t  i t s  p r e c i s i o n .  

3 .  The spec imen i t s e l f  s e r v e s  as thermal  i n s u l a t i o n  
decreas ing  t h e  s i z e  and cost of t h e  device .  

B a s i c a l l y  t h e  apparatus  c o n s i s t s  of a water  cooled,  s teel  
chamber 10" i n  i n t e r n a l  diameter and 16" high as i n d i c a t e d  i n  t h e  
ske tches  Df Figure 1 - 3 .  S t e e l  end p l a t e s ,  f i t t e d  wi th  O-ring 
s e z l s  a r e  a t t a c h e d  top and bottom, a second t o p  p l a t e  be ing  
f a b r i c a t e d  t o  accommodate t h e  heater modi f ica t ions  of Figures  
2 and 3. 
a s  d e s i r e d .  Two s i g h t  p o r t s ,  l oca t ed  180 C a p a r t  accommodate 2" 
diameter  x 0.125" t h i c k  fused qua r t z  windows a l s o  s e a l e d  wi th  
O-rings. 

A vacuum b e l l ,  not  shown, may bg f i t t e d  a t  t h e  bottom 

Primary i n s u l a t i o n  c o n s i s t s  of t h e  specimen themselves,  
and s e v e r a l  concen t r i c  molybdenum r a d i a t i o n  s h i e l d s .  I n  l a t t e r ,  
h igh temperature experiments ,  bubbled z i r c o n i a  w a s  added 
between t h e  outmost r a d i a t i o n  s h i e l d  and t h e  s teel  s h e l l .  A dense 
alumina tube surrounds t h e  specimens, p o s i t i o n i n g  them and e l e c t r i c a l l y  
i n s u l a t i n g  them from the  grounded s h i e l d s  and s h e l l .  Molybdenum 
s i g h t  tubes  p e n e t r a t e  t h e  alumina tube  and r a d i a t i o n  s h i e l d s  so 
t h a t  s i g h t  ho le s  d r i l l e d  r a d i a l l y  i n t o  t h e  specimen a r e  v i s i b l e  a t  
t h e  s i g h t  p o r t s .  

Heater Desiqn 

The h e a t e r s  f o r  t h i s  appara tus  w e r e  l a r g e l y  a mat te r  of 
evolu t ion .  The f i r s t  family of h e a t e r s  c o n s i s t e d  of molybdenum 
w i r e  wound on high p u r i t y  b e r y l l i a  tubing.  Such a h e l i x  i s  t h e n  
i n s e r t e d  i n t o  a b e r y l l i a  thermocouple p r o t e c t i o n  tube  of 3/4" 
ou t s ide  diameter and 9" l eng th  as i n d i c a t e d  i n  t h e  ske tch  of F igure  1. 
These could be f a b r i c a t e d  t o  y i e l d  a good r a d i a l  h e a t  f low p a t t e r n  
~rd w e r e  u s e f u l  t o  specimen hot f a c e  temperatures  of about  2000°C. 
A temperature  l i m i t a t i o n  of molybdenum on b e r y l l i a  was found i n  
t h e  2100 t o  220OoC range. Two s i m i l a r  h e a t e r s  wound w i t h  tungs t en  
w i r e  on b e r y l l i a  y i e lded  s i m i l a r  r e s u l t s .  A t y p i c a l  power i n p u t  
a t  maximum temperature  w a s  125 v o l t s  a t  20  amps. 

The second genera t ion  of h e a t e r s  w e r e  of t he  g r a p h i t e  
h e l i x  type.  A g r a p h i t e  tube 14" long ,  3/4" O.D. w i t h  a 3/16" 
w a l l  was machined t o  form a high r e s i s t a n c e  h e l i x  i n  a 9" c e n t e r  
p o r t i o n  a s  shown i n  F igure  2.  Water cooled n i c k e l  t e rmina l s  a t  
each end f e d  power t y p i c a l l y  a t  10  v o l t s  and 250 amps t o  achieve  
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specimen h o t  f ace  temperatures  a t  230OOC. Terminal connections 
and specimen changing was extremely complex wi th  t h i s  geometry. 
Exce l l en t  r a d i a l  h e a t  f l o w  p a t t e r n s  w e r e  achieved,  however, a s  
measure o p t i c a l l y  and v i s i b l e  i n  t h e  i so thermal  c o l o r  l i n e s  l e f t  
i n  t h e  specimens a f t e r  measurement. 

The h e a t e r  p r e s e n t l y  employed i s  of t h e  g r a p h i t e  h a i r p i n  
type a s  shown i n  F igure  3. This des ign  has  t h e  fol lowing advantages: 

1. Both te rmina ls  p ro t rude  from t h e  top of t h e  
appara tus  s o  t h a t  t h e  t e rmina l  atmosphere s e a l s  
need no t  be d i s t r u b e d  when t h e  specimens are 
changed from the  bottom. The step-wise changes 
i n  diameter of t h e  g r a p h i t e  between t h e  hot  zone 
and t h e  te rmina ls  s e rve  a s  thermal  r a d i a t i o n  
s h i e l d s  a s  w e l l  a s  dec reas ing  e l ec t r i ca l  r e s i s t a n c e  
i n  t h i s  a rea ,  b o t h  tending  t o  reduce h e a t  l o s sed  
tmards the tep of t h e  appara tus .  

2. Heat l o s s e s  from t h e  bottom are diminished by 
e l i m i n a t i o n  of t h e  g r a p h i t e  and m e t a l  t e rmina l s .  

3. The s i m p l i c i t y  of t h e  bottom now al lows incorpora- 
t i o n  of thermocouple w e l l s  a s  p i c t u r e d  on one 
s i d e  of Figure 3 .  I n  p r a c t i c e  s i g h t  ho le s  a r e  
180° a p a r t  with two se t s  of thermocouple w e l l s  
each about 90° from t h e  s i g h t  hole .  

4. The threaded t e r m i n a l  des ign  e l i m i n a t e s  t h e  
te rmal  expansion mis-match problems encountered 
i n  t h e  g raph i t e  h e l i x  t e r m i n a l  arrangement. 

The high h e a t e r  c u r r e n t s  a r e  t r a n s m i t t e d  from t h e  brass 
t e rmina l s  t o  t h e  g r a p h i t e  through f l a t  n i c k e l  washers b u t t e d  between 
t h e  threaded t e rmina l  ends and tapped h o l e s  i n  t h e  g r a p h i t e  h e a t e r .  
A dense b e r y l l i a  p l a t e  conta in ing  t w o  snug ho le s  f o r  t h e  b r a s s  t e rmina l  
i s  s e a l e d  by a s i l i c o n e  rubber O-ring set  i n t o  t h e  water  cooled s teel  
top plate.  S i m i l a r l y ,  s i l i c o n e  rubber O-rings a r e  used around t h e  
water  cooled t e rmina l s  and clamped a g a i n s t  tne b e r y l l i a  p l a t e .  

EXPERIMENTAL PROCEDURE 

Operat ion of t h e  tes t  c e l l  i s  b r i e f l y  a s  follows: 

1. S i g h t  and thermocouple w e l l s  a r e  located and 
machined i n t o  t h e  specimen stack of 9" t o t a l  he igh t .  
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2.  The spec imen a r e  set  on t h e  z i r c o n i a  p e d e s t a l  and 
r a i s e d  i n t o  p lace .  A s i g h t  ho le  l o c a t i n g  f i x t u r e  
a s s u r e s  alignment v e r t i c a l l y  and r o t a t i o n a l l y .  
A keyed locking device i s  provided. 

3 ,  A vacuum bel l  is  a t t ached  a t  t h e  bottom and t h e  
chamber evacuated, or i n e r t  gases a r e  introduced 
below the  s i g h t  p o r t s .  Argon, helium, hydrogen, 
and d i s s o c i a t e d  ammonia have been employed. 

4. Power i s  appl ied  i n  one v o l t  increments p e r i o d i c a l l y  
t o  t h e  g raph i t e  h e a t e r s .  Hot f ace  temperatures  
of 230OoC may be reached i n  s e v e r a l  hours b u t  
u s u a l l y  more slowly (8 t o  30 hours) t o  prevent  
thermal  shock damage t o  t h e  specimens. 

5. The apparatus  i s  allowed t o  c o m e  t o  thermal  
equ i l ib r ium be fo re  any measurements a r e  taken. 
Steady s t a t e  cond i t ions  a r e  assumed when a 
shal low hole  temperature  ( f u r t h e s t  from t h e  
h e a t e r )  records a s t r a i g h t - l i n e  (2  5OC) f o r  a 
15 minute t i m e  i n t e r v a l .  

6. A t  equi l ibr ium,  measurements a r e  made of t h e  
power inpu t  ( v o l t s  and amperes) and t h e  tempera- 
t u r e  of t h e  heater and a t  l e a s t  two a c c u r a t e l y  
known r a d i a l  l o c a t i o n s  w i t h i n  t h e  specimen. 

Temperature Measurement 

Temperature measurements have been made by s e v e r a l  methods: 

1, C a l i b r a t e d  o p t i c a l  pyrometer 

2. A n  inf ra - red  r a d i a t i o n  pyrometer 

3 ,  Tungsten-rhenium thermocouples 

The opt ical  and r a d i a t i o n  measurements a r e  made i n  s i g h t  
ho le s  d r i l l e d  r a d i a l l y  from the  o u t s i d e  s u r f a c e  of t h e  specimen 
t o  a c c u r a t e l y  known d i s t a n c e s  f r o m  t h e  ho t  f ace .  Twelve p o i n t s  are 
normally measured a t  each steady s ta te  c o n d i t i o n ,  a t  l e a s t  4 
a t  each of two known depths ,  half  a t  each window. Usual ly  one or more 
s i g h t  ho le s  are d r i l l e d  through t o  determine h e a t e r  temperature ,  
These s i g h t  ho le s  a r e  spread  over t h e  3 "  c e n t r a l  s e c t i o n  of t h e  9" 
high specimen. Normally only small  random temperature  d i f f e r e n c e s  
a r e  noted between ho le s  of i d e n t i c a l  depths .  C a l i b r a t i o n  w a s  
accomplished by p l a c i n g  sma l l  s t r i p s  of pure gold  and subsequent ly  
pure  plat inum on t h e  isotherms a t  t h e  f l a t  bottom of t h e  s i g h t  ho le s  
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and observing t h e  ceramic temperature when t h e  metal  melted. 
P o s i t i o n i n g  of t h e s e  s tr ips  and t h e  r e l a t i v e  spot s i z e  of t h e  i n f r a -  
r e d  pyrometer i s  i nd ica t ed  i n  the  i n se r t s  of F igure  1. S p e c t r a l  
normal emit tance a s  measured with t h e  in f r a - r ed  r a d i a t i o n  pyrometer 
was found t o  approach u n i t y  i n  t h e  higher  temperature reg ions  f o r  
s i g h t  holes i n  high p u r i t y  b u t  c a l c i a  s t a b i l i z e d  zirconium d iox ide ,  
t h e  ceramic p r i m a r i l y  inves t iga t ed .  This  would be expected i n  a 
s i g h t  h o l e  of high depth t o  width r a t i o  and i s  a l s o  i n  good agree- 
ment w i t h  t h e  d a t a  on bulk  Z r 0 2 ( 1 ) * .  

The in f r a - r ed  r a d i a t i o n  pyrometer has been found t o  be 
i n e f f e c t i v e  on c u r r e n t  porous ceramic specimens. This instrument  
has an  extremely smal l  a r e a  of focus ,  of t h e  same magnitude o r  
smal le r  than  t h e  diameter of some pores  i n  ceramic foams. Measure- 
ments w e r e  found t o  vary g r e a t l y  depending on i f  t he  focus was 
deep w i t h i n  a pore b a r e l y  opened when machining t h e  s i g h t  hole  
o r  t r u l y  on t h e  p lane  (isotherm) a s  intended.  The spread of d a t a  
i s  smaller from t h e  "hot  w i r e "  o p t i c a l  pyrometer f o r  it i s  e a s i e r  
t o  x.7isually averaqe the  c ~ l m  a t  the bottom of a sight hole. The 
in f r a - r ed  u n i t  i s  a l s o  f a r  more s e n s i t i v e  t o  window r e f l e c t i o n s  and 
angle  of incidence t o  t h e  sur face  t o  be measured. 

The r equ i r ed  number of measurements (up t o  1 2  w i th  
optimum alignment) each i n  dup l i ca t e  may a l s o  be made more qu ick ly  
wi th  t h e  o p t i c a l  pyrometer then w i t h  i n f r a - r ed  u n i t  and y i e l d  
s u f f i c i e n t l y  good da ta  f o r  t h e  c u r r e n t  program. This compromise 
a l lows  about fou r  s teady  s t a t e  measurements per  day o r  up t o  two 
6 t o  8 p o i n t  de te rmina t ions  i n  a f i v e  day w e e k .  

Ca lcu la t ions  

Thermal conduc t iv i ty  i s  c a l c u l a t e d  from t h e  observed 
measurements from t h e  equat ion:  

K = q I n  rl rz 
\ - I  

271AT 
q = r a t e  of h e a t  f low i n  w a t t s  
1 = l e n g t h  of sample through which q 

i s  flowing r a d i a l l y  ( c m )  
r l  and r2 = t h e  r a d i i  of any two 

d i f f e r e n t  s i g h t  ho le s  
(any u n i t s )  

AT = t h e  measured temperature 
d i f f e r e n c e  be tween  t h e  bottoms 
of ho le s  r1 and r 2  (CO) .  

*References appear  under t h e  heading REFERENCES 



The fol lowing assumptions a r e  made: 

1, Steady s t a t e  cond i t ions  a r e  achieved 

2 .  Longi tudinal  h e a t  f low and end e f f e c t s  a r e  
n e g l i g i b l e  

3 . C i r c u l a r  isotherms a r e  e s t a b l i s h e d  throughout 
t h e  s p e c i m e n  length .  

Steady s t a t e  a t ta inment  has a l r eady  been mentioned. 
Heat l o s s e s  from t h e  specimen ends a r e  r e a l ,  t h e r e f o r e ,  some 
l o n g i t u d i n a l  h e a t  f l o w  does e x i s t .  This  i s  not  t r u e  f o r  t h e  
c e n t r a l  3 "  of t h e  specimen, o p t i c a l  measurements and i so thermal  
c o l o r  l i n e s  a f t e r  1,ieasurement confirm t h a t  r a d i a l  hea t  f low i s  
e s t a b l i s h e d  over more than 6" of t h e  specimen l eng th ,  The i n s u l a t -  
i n g  q u a l i L i e s  of t h e  specimen ends, which may be thought of a s  
guard r i n g s ,  c m p l e d  w i t h  e x c e l l e n t  thermal  i n s u l a t i o n  abcve and 
below t h e  specimen tend  t o  keep such losses low.  C a l c u l a t i o n  
f o r  a one cent imeter  segment of a nine inch sample r e s u l t s  i n  
d i v i d i n g  t h e  measured "q" by 23,  reducing somewhat t h e  magnitude of 
t h e  error. S ince  t h i s  error i s  a cons t an t  and cance l s  i n  comparing 
two m a t e r i a l s  t h i s  method i s  s u f f i c i e n t  f o r  t h e  p r e s e n t  a p p l i c a t i o n .  
S i m i l a r l y  vol tmeter  and ammeter e r r o r s  (k 2%) are c o n s t a n t  and 
c a n c e l  i n  comparative d a t a .  
and temperature  measurement e r r o r s  (k 3%) a r e  t h e  major causes  
f o r  t h e  observed spread i n  t h e  da t a  (about  f 6%). 

Measurement errors (rl  and r 2  f 2%) 

RESULTS 

Figure  4 i s  a p l o t  of thermal  c o n d u c t i v i t y  ve r sus  tempera- 
t u r e  f o r  s e v e r a l  samples measured wi th  t h e  appara tus  a s  descr ibed .  
Data p o i n t s  are shown, f o r  example, f o r  s e v e r a l  runs on one set  
of NBC dense z i r c o n i a  specimens, runs 4 - 6 us ing  a molybdenum 
w i r e  wound h e a t e r  and run 1 7  using a g r a p h i t e  h e l i x  hea te r .  
Acceptable r e p r o d u c i b i l i t y  may be noted ,  even w i t h  t h i s  major 
change i n  h e a t e r  des ign ,  power supply and power inpu t  metering. A 
curve c a l c u l a t e d  from S R I  da t a  r epor t ed  by Pears  (1)* a t  l a s t  yea r s  
conference i s  included f i x  comparison a s  shown by t h e  open circles 
and d o t t e d  l i n e .  

Conduct iv i ty  curves  a r e  shown f o r  t w o  types  of z i r c o n i a  
foams. Foam Zr6 was a low dens i ty  impure m a t e r i a l  (8600 ppm) of 
l o w  i n i t i a l  conduc t iv i ty  which tended t o  d e n s i f y  above 160OoC and 

*References appear  under t h e  heading REFERENCES 
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degrade above 18OO0C. 
s i m i l a r  d e n s i t y  has a s l i g h t l y  higher conduc t iv i ty  i n i t i a l l y ,  b u t  
does no t  degrade s i g n i f i c a n t l y  even a t  23OO0C, thereby c r o s s i n g  t h e  
curve of Zr6. Open t r iangles  a re  da t a  p o i n t s  c a l c u l a t e d  from a 
gage s e c t i o n  between 0.125 and 0.500" from t h e  h o t  face .  S o l i d  
t r i a n g l e s  a r e  c a l c u l a t e d  from t h e  .125" s e c t i o n  ad jacen t  t o  t h e  
h e a t e r  and c o n s i s t a n t l y  y i e l d  about 10% lower va lues .  This sugges ts  
t h e  measured h e a t e r  temperature  is no t  t h e  same as t h e  specimen ho t  
f a c e  temperature  b u t  is  somewhat lower. 

Foam Zr28 of 700 ppm impuri ty  l e v e l  a t  a 

An i d e n t i c a l  s t a c k  of Z r 2 8  specimens was vacuum impregnated 
w i t h  col loidal  g r a p h i t e ;  d r i e d  and measured a s  i n d i c a t e d  by t h e  
squares  i n  F igure  4. Conduct ivi ty  i s  inc reased  a s  would be expected, 
however, t h e  argon purge technique used i n  t h i s  run 20 allowed 
entrappment of a i r  w i t h i n  t h e  foam and t h e r e f o r e  ox ida t ion  of t h e  
g r a p h i t e ,  e s p e c i a l l y  i n  t h e  inner  gage s e c t i o n s .  The w i d e  spread between 
s o l i d  and open squares  and the  sharp upturn  t o  r a d i a t i o n  conduction 
near  t h e  h e a t e r  was r e a d i l y  understandable when t h e  specimens w e r e  
examined a f t e r  t h e  run. A re-evaluat ion by evacuat ing  t h e  chamber and 
b a c k f i l l i n g  wi th  argon or helium, i f  necessary,  i s  i n  progress .  

FUTURE WORK 

Measurements t o  d a t e  have i n d i c a t e d  t h e  f e a s i b i l i t y  of t h e  
appara tus  and i t s  a b i l i t y  t o  y i e l d  d a t a  s u f f i c i e n t  f o r  t h e  c u r r e n t  
requirements .  Evalua t ion  of many types  of ceramic foams are planned. 
Samples are be ing  prepared w i t h  a v a r i e t y  of p o t e n t i a l  thermal  
r a d i a t i o n  barrier phase incorpora ted  w i t h i n  t h e  pores. Tungsten 
f l a k e ,  t ungs t en  coa ted  hollow z i r c o n i a  spheres  and s o l i d  par t ic les ,  
molybdenum deposites and continuous,  d i scont inuous  and gasous 
phases of carbons and hydrocarbons a r e  be ing  in t roduced  i n t o  ceramic 
foams and t h e i r  e f f e c t  on high temperature conduc t iv i ty  measured. 
The g r a p h i t e  h a i r p i n  des ign  i s  being found u s e f u l  t o  about  24OO0C, 
i n  t h e  argon atmosphere, above t h i s  conduction through ionized  argon 
w i t h i n  t h e  h e a t e r  s l o t  causes high loca l  temperature  (above 
t h e  mel t ing  p o i n t  of z i r c o n i a ,  27OOOC).  I f  f u r t h e r  temperature  
i n c r e a s e s  a r e  d e s i r e d ,  a v a r i a t i o n  of t h e  h e l i x  des ign  w i l l  be 
necessary.  

The suppor t  of t h i s  work by t h e  Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion ,  Washington, D. C. ,  under c o n t r a c t  NASr-99, 
i s  g r a t e f u l l y  acknowledged. 
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Appendix I1 Sample Calculation 

Thermal conductivity is calculated as follows: 

typical measurements are: 

rl radius of deep hole 1.270 cm 

r2 radius of shallow hole 2.222 cm 

L total specimen length 22.85 cm 

q power input, 10.0 volts 
258 amps 
q = 2580 watts 

A T temperature difference 

Trl 1745OC 

1375°C Tr2 AT = 470C 

K = 2580 (-5596) = -0213 watts/cm°C 
2 (3 1416) 22 -85 (470) 

-0213 (W/cm°C) x 693 .4  BTU/ft2/hr/in/OF = 
W/crn°C 

K = 14.75 BTU/ft2/hr/in/OF 


